Abstract: Naproxen membrane electrodes based on different plasticizers and the quaternary ammonium salts (QASs) dimethyldidecylammonium bromide, methyltrioctylammonium chloride, or tetraoctylammonium chloride, were prepared. The following basic parameters were investigated for the optimal electrode: measurement range (10
Introduction
Ion-selective electrodes are widely used in pharmaceutical analysis [1] [2] [3] [4] . Numerous ion-selective electrodes (ISEs) have been constructed in order to determine a number of pharmacologically active substances present in pharmaceutical preparations. The inherent advantages of ISEs: simple design, construction and manipulation, reasonable selectivity, fast response time, low cost, adequate detection limits, the ability to measure the activity of various drugs directly and selectively, wide analytical ranges, and adequate precision and accuracy, all make the ISE potentiometric method very attractive for pharmaceutical analysis. ISEs can also be used in the analysis of pharmaceutical preparations by in vitro and in vivo methods [5] .
Among analgesic, antipyretic and anti-inflammatory drugs, non-steroidal analgesic and antipyretic medicines are particularly common. The number of such preparations is constantly increasing; hence, new analytical problems arise in their production and quality control. Active substances present in these drugs are acidic in character with pK a values ranging between 3 and 5.
Naproxen, (S)-6-methoxy-α-methyl-2-naphthaleneacetic acid [6] (Fig. 1) , is a non-steroidal drug with anti-inflammatory, analgesic, and anti-pyretic properties. Because of these properties it is used in the treatment of rheumatoid arthritis, dysmenorrhoea and acute gout [7] . This drug is used more and more frequently. Therefore, new, improved methods of determining its concentration in various matrices are required.
Applied methods for routine, quantitative determination of naproxen have been described in the British Pharmacopoeia (BP) [8] and the United States Pharmacopoeia (USP) [9] . However, these methods are laborious (classical titration), involve long and complicated preparation of a sample for analysis and require expensive instrumental apparatus (liquid chromatography). Potentiometry can be a simpler, faster and cheaper method of naproxen determination.
For pharmaceutical analysis the best electrodes are based on ion-pair complexes. Methyltrioctylammonium [10] [11] [12] [13] , dipicrylamine [14] , picrate, tetraphenylborate [15] and tetrakis-(4-chlorophenyl) borate [16] are commonly used as counter ions in ion-selective membranes.
Only three papers describing naproxen ionselective electrodes, based on methyltrioctylammonium 6-methoxy-α-methyl-2-naphthalene acetate [17] , tetraheptylammonium 6-methoxy-α-methyl-2-naphthalene acetate [18] and mercury (I) naproxenate [19] , are published in the literature. These electrodes are characterized by similar, appropriate, analytical parameters, but sample preparation for their use is complicated and requires considerable time. Usually, the complex preparation requires the following steps:
(1) preparation of main ion solution, (2) preparation of ion exchanger solution, (3) several repetitions of extraction of the ionic drug to the organic phase, (4) washing of the organic phase from interfering ions, (5) possible centrifugation or drying of the complex until a clear solution is obtained.
In this research, poly(vinyl)chloride (PVC) membrane naproxen electrodes with liquid contacts were prepared. Various commercially available quaternary ammonium salts, including dimethyldidecylammonium bromide (DDMA-Br), methyltrioctylammonium chloride (MTOACl), tetraoctylammonium chloride (TOA-Cl) as active substances of the membrane phase (instead of commonly applied ion-pair complexes), were used. The influence of the structure of quaternary ammonium salts and the polarity of plasticizers on the parameters of the calibration curves and the selectivity of the electrodes were examined. Basic parameters of the optimum electrode were assigned. The analytical usefulness of the proposed electrode was tested by determining naproxen in pharmaceutical preparations using the direct potentiometry method.
Experimental Procedures

Chemicals
All chemicals were of analytical -reagent grade. 
Electrode construction and membrane phase preparation
Electrode membranes were prepared by dissolving 30 wt.% PVC and 10 wt.% active substance (quaternary ammonium salts in chloride or bromide form) in 57 wt.% of various plasticizers and 3 wt.% TBP by using ultrasonic mixing. The mixture was dissolved in THF (1 ml of THF per 0.1 g of the mixture) and poured into a glass ring (34 mm diameter) on a glass plate and covered for 1 day in order to slow the process of THF evaporation. Subsequently, the membrane was dried at 50°C for 0.5 hour. Membranes, 5 mm in diameter, were cut and installed in Teflon sensors (IS 561 type, Phillips). The Ag/AgCl electrode, placed in a solution of internal electrolyte composed of 10 -3 mol L −1 naproxen solution in 10 -1 mol L −1 NaCl or NaBr, was the reference electrode. Before initial measurements the electrodes were conditioned for 1 day in 10 -1 mol L −1 naproxen solution. Between measurements the electrodes were stored in a solution of the same concentration.
Potentiometric and spectrophotometric measurements
Before each measurement the electrodes were conditioned in 10 -3 mol L −1 naproxen solution for 20 minutes. The reference electrode was an Orion 90-02 with a salt bridge consisting of 2 × 10 -2 mol L −1 CH 3 COONa solution. The naproxen electrode was prepared in the main ion and interfering ions solutions at concentrations of 10 -5 -10 -1 mol L −1 at pH 8.0. During the measurements the solutions were stirred with a mechanical stirrer. The potential of naproxen electrodes is described by the Nernstian equation [13] . Naproxen spectrophotometric determinations were recorded with a SPECORD M-40 spectrophotometer (Carl Zeiss, Jena, Germany).
Results and Discussion
As a result of the investigations performed, the classical electrode with a pseudo-liquid potential creating phase, selective for 6-methoxy-α-methyl-2-naphthaleneacetate anion, was obtained. The membrane composition, i.e. the type of quaternary ammonium salt and plasticizer, was optimized. Different possibilities were examined by using various quaternary ammonium ions in the form of chloride (methyltrioctylammonium-and tetraoctylammonium chloride) or bromide (dimethyldidecylammonium bromide) salts as anion exchangers in the polymer membranes of naproxen electrodes. The results of the characteristic responses of the electrodes are presented in Table 1 . The membranes containing methyltrioctylammonium chloride and tetraoctylammonium chloride were selected as the optimum electrodes because of the near Nernstian value of the slope of linear range of the calibration curve, the wide range of linearity, as well as small changes of intercept in time. The measurement range of ISE-1, containing the most hydrophilic salt, is the smallest. This can be explained by better solubility of this salt in water as compared with the selectivity to lipophilic ions of 6-methoxy-α-methyl-2-naphthaleneacetate.
The structure of the ion-pair affects the extraction constant. The extraction is better when the alkyl chain is longer and when there are multiple carbon atoms in the structure of QASs. In this case, the DDMA-Br salt exhibited the poorest extraction properties as compared with the other salts, MTOA-Cl and TOA-Cl. The electrode ISE-1, composed of DDMA-Br demonstrated the poorest response on the main ion as compared with the ISE-2 or ISE-3, containing chloride salts. The bromide ions had greater lipophilicity and greater affinity for the membrane phase than the chloride ions. The cations of the DDMA complexes are characterized by the smallest liability, and, as a result, the calibration graphs do not have the Nernstian slope of linear range of the calibration curve, and the linear range of the characteristic is smaller.
The influence of the polarity and chemical structure of the plasticizer on the potentiometric response of the electrodes was investigated, and the results are presented in Table 2 . Comparing the results from Tables 1 and 2 , the best electrodes, containing MTOA -Cl in the membrane, are appropriately plasticized with DBP (ISE-2), NPOE (ISE=8) and TEHP (ISE-10). For all electrodes containing TOA-Cl in the membrane, similar potentiometric responses were obtained. From the examination of Tables 1 and 2 , it can be concluded that the chemical structure, lipophilicity and polarity of the plasticizers did not exert any considerable influence on the parameters of calibration graphs, either with tetraoctylammonium-or methyltrioctylammonium anion exchangers.
The influence of the composition of membranes of the naproxen electrodes on the potentiometric selectivity coefficients,
, was also investigated. For the best electrode, ISE-2,
values were determined by two methods: the Separate Solution Method (SSM) [20] and the Matched Potential Method (MPM) proposed by Christian and Gadzekpo [21] , and are presented in Table 3 , and Figs. 2 and 3 .
According to the results presented in Table 3 , the type of quaternary ammonium salt and plasticizer affects the selectivity coefficient of the naproxen electrodes. anions: NO 3 -, Br -, Cl -. Therefore, it can be concluded that the more lipophilic salts (MTOA-Cl, TOA-Cl) are more selective toward lipophilic anions, and the more hydrophilic salt (DDMA-Br) is more selective toward hydrophilic anions. According to Schwke et al. [22] , who observed similar dependences, the selectivity of PVC membranes plasticized with quaternary ammonium salts is dependent on the symmetry and length of the alkyl chains. However, the polarity of plasticizers was not significant, resulting in the lowest selectivity towards lipophilic ions for the more hydrophilic salts, and the lower concentration of cationic sites in the membrane in consequence of the exchanger leaving the membrane.
The values for the ISEs (with different plasticizers) are approximate. The values measured for selectivity coefficients corresponded with the Hoffmaister series [23] . According to the experimental data (Table 3) , the electrode ISE-2 exhibited the most favourable values of selectivity coefficients for interfering ions. The other analytical parameters for the electrode ISE-2 were determined and summarized in Table 4 .
The response time for the EMF -t dependence of the cell composed of the naproxen electrode (ISE-2) and the reference electrode was established by the method described by Dumkiewicz and Lenik [24] and illustrated in Fig. 4 . The electrode is characterized by a short response time, approximately 11s in the concentrated solution, and approximately 19s in the diluted solution.
The range in which the pH value did not influence EMF value of the naproxen electrode (ISE) -reference electrode cell was measured by the method of Dumkiewicz and Lenik [24] . The results are illustrated in Fig. 5 , proving that the electrode can function effectively in the pH range 5.5 -9.0.
Analytical validation for the performance of the naproxen electrode (ISE-2) was proposed, according to the following operational characteristics: limit of detection, precision and accuracy, and ruggedness. Each different concentration of the naproxen standard solution, ranging from 10 -5 to 10 -1 mol L -1 at pH = 8.0, was tested three times. The standards were prepared and analyzed by potentiometry during three successive days. The potentials obtained from the three series were averaged at each concentration. The analytical response was plotted from three series. The accuracy and precision of the proposed potentiometric method was examined by determining different concentrations of naproxen using the standard addition method for triplicate measurements of three concentrations of naproxen: 3.9 × 10 -4 , 9.9 × 10 -4 , 2 × 10 -3 mol L -1 . The procedure of investigations was repeated three days. The recovery percent was calculated using the ratio of the amount found (mg) to the corresponding expected amount (mg). The precision of the method was expressed as RSD [%] . The results are presented in Table 6 . The results indicated an average recovery and RSD of 99.6% and 2.2% at 100mg, 100.4% and 1.4% at 250 mg, and 100.3% and 0.6% at 500 mg, respectively.
The ruggedness of the direct potentiometric method was evaluated by the investigations performed using two additional analysts, on two different instruments and on three different days, but in the same laboratory. The results were satisfactory and reproducible with an RSD of less than 2.3%.
The analytical usefulness of the naproxen electrode ISE-2 was examined by determining naproxen in a pharmaceutical preparation containing naproxen, i.e., "Naproxen" -Polfa. The determination was made by the calibration curve method and the method of standard addition. Ultraviolet (UV) spectrophotometry with ε = 6.4 x 10 3 mol cm -1 (χ max = 262.3 nm) [26] was used as a reference method (Table 5) .
The results of naproxen determination in a pharmaceutical preparation using the potentiometric method are comparable to the spectrophotometric method. The short time required for individual determinations (approximately 10 s) is also an advantage of the measurements using the naproxen electrode. The results demonstrated that the electrode can be employed for control analysis of the non-steroidal antiinflammatory drug, naproxen.
Conclusion
The proposed PVC membrane electrode, based on the QAS, methyltrioctylammonium chloride, can be used for determination of naproxen in pharmaceuticals.
The construction of the sensor has the advantages of simplicity and rapidity (the time of construction of the electrode is much shorter than the time of construction of solid contact electrodes [17, 19] or liquid contact electrodes [18] . The naproxen electrode was characterized by good analytical parameters, i.e., a relatively short response time of 11s, near Nernstian response of the characteristic, and good selectivity over a number of organic and inorganic anions. The results of naproxen determination in pharmaceuticals are characterized by the accuracy and precision typical of the potentiometric determination method. 
